Introduction
============

Diabetes mellitus (DM) is a major threat to human health worldwide, and the prevalence of DM will continue to rise during the next 10 years. It is estimated that more than 353 million people worldwide will suffer from DM by 2030 [@B1], [@B2]. Cumulative evidence reveals that diabetes is associated with abnormal cardiac structure and function, leading to diabetic cardiomyopathy (DCM) [@B3]. Models of DCM can be typically classified as type 1 or 2, with the latter representing over 90% of the human diabetic population [@B4]. Nowadays, specific strategies for preventing type 2 DCM in numerous diabetic patients have not been clarified yet. Mitochondria are the primary organelles for reactive oxygen spices (ROS) generation and energy production in cardiomyocytes. Emerging evidence has suggested that mitochondrial dysfunction may play a pivotal role in the pathogenesis of DCM [@B5]-[@B7]. For example, impaired respiratory function and increased ROS production are observed in mitochondria isolated from atrial tissue of diabetic patients [@B8]. Moreover, it is essential to control mitochondrial ROS production and to protect mitochondria from losing their ability to generate energy in order to prevent DCM [@B9]. However, despite increasing evidence implicating the important role of mitochondrial pathology in DCM, the underlying mechanism is still largely unclear.

The crucial role of mitochondrial morphological alteration in mitochondrial homeostasis has been highlighted in recent studies. Mitochondrial morphological alteration, also known as mitochondrial dynamics, mainly comprises mitochondrial fusion and fission. Mitochondria continually adapt their shapes through fusion and fission in response to changes in energy demand and supply. The constant cycle of fusion and fission not only determines mitochondrial morphology but also regulates various mitochondrial functions, including energy production, oxidative stress and apoptosis [@B10], [@B11]. Mitochondrial fusion seems to have beneficial effects because it is associated with enhanced mitochondrial function and increased ATP production [@B12]. In contrast, excessive mitochondrial fission is considered to be detrimental because it causes mitochondrial dysfunction and increased ROS [@B13]-[@B15]. Importantly, several studies have reported that impaired mitochondrial dynamics is observed in the cardiac tissues from both DCM animals and patients [@B16], [@B17]. However, whether targeting mitochondrial dynamics is an effective strategy to prevent the development of DCM remains largely unknown.

A series of GTPases are involved in the regulation of mitochondrial dynamics. Mitochondrial fission is driven by Dynamic-related protein1 (Drp1) and mitochondrial fission 1 protein (Fis1)[@B18]-[@B20]. Drp1 exists largely in a cytosolic pool and is recruited by Fis1 from the cytosol to the mitochondria for fission reactions. The fusion of the mitochondrial outer membrane is controlled by mitofusin 1 and 2 (Mfn1 and Mfn2), and the fusion of inner membrane is governed by optic atrophy 1(Opa1). These proteins work together to maintain the homeostasis of mitochondrial dynamics. An imbalance between mitochondrial fission and fusion regulatory proteins has been shown to contribute to many cardiac pathologies including myocardial ischemia/reperfusion and heart failure [@B21], [@B22]. Nevertheless, it is still largely unclear how these fission/fusion proteins are changed in diabetic hearts, especially in type 2 diabetic hearts. Moreover, the mechanisms by which diabetes regulate the expression of mitochondrial dynamics proteins in cardiomyocytes remain to be defined.

In this study, we identified down-regulated Mfn2 as a pivotal factor contributing to imbalanced mitochondrial dynamics and mitochondrial dysfunction in type 2 DCM. Moreover, Mfn2 overexpression effectively alleviated DCM by promoting mitochondrial fusion and improving mitochondrial function. These findings suggest that targeting mitochondrial dynamics by regulating Mfn2 might be a potential therapeutic strategy for DCM.

Materials and Methods
=====================

Animals
-------

All animal experiments were performed in accordance with the National Institutes of Health guidelines for the use of laboratory animals and were approved by the Fourth Military Medical University Animal Use and Care Committee. Leptin receptor-deficient (db/db) mice and lean control mice (db/+) were provided by Changzhou Cavens Laboratory Animal Co. Ltd. (Jiangsu, China).

Primary culture of neonatal rat cardiomyocytes
----------------------------------------------

All experimental procedures were approved by the Fourth Military Medical University Animal Use and Care Committee. Primary cardiomyocytes were prepared from neonatal rat hearts as previously described [@B23]. Thereafter, the cardiomyocytes were subjected to low-glucose (LG) medium (5.5 mmol/L glucose), osmolarity control (OC) medium (5.5 mmol/L glucose and 19.5mmol/L mannitol), high-glucose (HG) medium (25 mmol/L glucose), HG+ oleate acid (HG+OA) medium(25 mmol/L glucose and 500 μmol/L oleate), HG+ palmitate acid (HG+PA) medium (25 mmol/L glucose and 500 μmol/L palmitate) or HG+PA+OA (25 mmol/L glucose, 500 μmol/L palmitate and 500μmol/L oleate) for 24 hours.

Echocardiography
----------------

Echocardiography was performed in M-mode with a VEVO 2100 echocardiography system (VisualSonics Inc., Toronto, Canada). During the procedure, mice were anaesthetized using 2.5% isoflurane. Anesthesia was maintained with 2% isoflurane. Continuous electrocardiogram monitoring system was used to measure mouse heart rate under conscious or anesthetic condition. M-mode echocardiography was obtained to record the left ventricular systolic and diastolic motion profile. The left ventricular internal diameter at end-systole (LVIDs) and left ventricular internal diameter at end-diastole (LVIDd) were measured. Left ventricular end-diastolic volume (LVEDV) and end systolic volume (LVESV) were calculated using computer algorithms. Left ventricle ejection fraction (LVEF) and left ventricle fractional shortening (LVFS) were calculated as LVEF (%) = (LVEDV-LDESV)/LVEDV×100 and LVFS (%) = (LVIDd-LVIDs)/ LVIDd×100, respectively. Analysis of Doppler echocardiography was performed to determine diastolic trans-mitral blood flow velocities for peak early (E) and late (A) fillings, the ratio of E wave to A wave (E/A). Pulse wave Doppler of the mitral E-wave and A-wave velocities were taken from the four chambers view and E/A ratio were measured to assess diastolic function. All the echocardiographic images were analyzed using Vevo 2100 software.

Transmission electron microscopy (TEM)
--------------------------------------

Heart samples from the left ventricular free wall were isolated and fixed with 2.5% glutaraldehyde in a 0.1 M phosphate buffer (pH 7.4, 4℃) for 24 hours, rinsed several times with 0.1 M phosphate buffer (pH 7.4) and then post-fixed with 1% osmium tetroxide in deionized water. Subsequent procedures were performed as previously described [@B24]. All images were obtained by a technician blinded to the treatment with one transmission electron microscope (JEM-1230, JEOL Ltd., Tokyo, Japan) at 300 kV. Mitochondrial images were analyzed by a technician blinded to the treatment using Image J software. The number of mitochondria combined with mean mitochondrial size were used for the analysis of mitochondrial morphology as previously described [@B25], [@B26]. At least 300 mitochondria in a minimum of 8 images per mice were analyzed. The number of mitochondria was calculated in an area bigger than 800 µm^2^ in 8 images.

Down-regulation and up-regulation of target genes
-------------------------------------------------

Empty adenoviral vectors (Ad-EV) and recombinant adenoviral vectors expressing Mfn2 (Ad-Mfn2), PPARα (Ad-PPARα) or Mfn2-specific small hairpin RNA (Ad-shMfn2) were constructed by Hanbio Biotechnology Ltd (Shanghai, China). The titre of the adenoviruses used in this study was about 1.2\*10^10^ PFU/ml. For intramyocardial injection of adenoviruses, mice were anaesthetized using 2.5% isoflurane, intubated and maintained under anesthesia with 2% isoflurane during the surgical procedure. After the hearts were exposed, adenovirus was injected (using a 50 µl needle, Hamilton, 705RN, USA) into the left ventricle free wall (10 µl at each of four sites).

PPARα siRNA (\#sc-38885) was purchased from Santa Cruz Biotechnology (USA). For siRNA transfection, Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen, \#13778030) was used. Briefly, two tubes were prepared before transfection. One tube contained Dulbecco\'s modified Eagle\'s medium (DMEM) and RNAiMAX Transfection Reagent. Another tube contained DMEM and siRNA. Then, the contents of the two tubes were gently mixed together and incubated at room temperature for 5 min. After 48h transfection of PPARα siRNA, the cells were subjected to HG or HG/HF medium. For adenovirus transfection, cardiomyocytes were cultured in serum-free DMEM containing adenovirus (10 µl/ml, MOI: 100:1) for 6-8 hours. Then, the medium was replaced, and the cells were subjected to HG or HG/HF medium for another 24 hours.

Histological Analysis
---------------------

Mice hearts were fixed in 4% paraformaldehyde (pH 7.4) overnight, embedded in paraffin, then serially sectioned (5-mm-thick slices) for histological analysis. Standard hematoxylin and eosin staining was performed following standard procedures. Cardiac collagen content was assessed using Masson trichrome staining.

Immunohistochemistry
--------------------

Immunohistochemistry was performed on mouse hearts as previously described [@B27]. Briefly, myocardial tissue sections were treated with 3% hydrogen peroxide for 20 min to block endogenous peroxidase. Primary antibody anti-Mfn2 (1:300, Abcam, USA) was used to incubate with tissue sections at 4 ℃ for overnight. Tissues were washed with PBS and then horseradish peroxidase (HRP)-conjugated secondary antibody was incubated for 1 h. Diaminobenzidine (DAB) solution was used to visualize the reaction. For immune histochemical, at least 10 fields per heart were randomly chosen and analyzed.

Wheat germ agglutinin (WGA) staining
------------------------------------

For WGA staining, hearts were arrested in diastole with 2 M KCl and fixed in 4% paraformaldehyde (pH 7.4) overnight. Later, hearts were embedded in paraffin and serially sectioned (5-mm-thick slices). Wheat germ agglutinin (green, Thermo Fisher) was diluted 1:100 (10 µg/mL) in the required buffer. Incubation time was one hour protected from light. The sections were washed and then cover slipped with a water-soluble anti-fading mounting medium. Images were captured using the fluorescence microscope and the cardiomyocyte size was calculated using ImageJ software.

Cell apoptosis assay
--------------------

For analysis of apoptosis in heart tissues, a terminal deoxynucleotidyl transferased UTP nick end labelling (TUNEL) assay kit (Roche Applied Science, Swiss) was used to determine myocardial apoptosis following the manufacturer\'s instructions as previously described[@B28]. Only TUNEL- and DAPI-positive nuclei located within heart tissues were considered as apoptotic nuclei. For TUNEL staining, at least 10 fields per heart were randomly chosen and analyzed. Apoptosis rate in primary cardiomyocytes was analyzed by flow cytometry analysis using PE-Annexin V Apoptosis Detection Kits (\#559763; BD Biosciences) according to the manufacturer\'s instructions.

Mitochondrial membrane potential measurement
--------------------------------------------

To measure mitochondrial membrane potential, mitochondrial membrane potential assay kits with JC-1(\#C2006) were obtained from Beyotime Biotechnology (Jiangsu, China). All procedures were performed according to the manufacturer\'s protocol as previously described [@B28].

Assessment of mitochondrial morphology in cells
-----------------------------------------------

To view mitochondrial morphology, primary cardiomyocytes were stained with 100 mM MitoTracker™ Red CMXRos probe (M7512, Thermo Fisher Scientific, USA) at 37℃ for 30 min. Images were acquired with a confocal laser-scanning microscope (Nikon A1R MP+ Confocal Microscope, Nikon, Japan). The number and morphology of mitochondria were analyzed and quantified as previously described [@B24]. Percentage of cells with fragmented mitochondria (small and round) was counted.

Measurement of ROS production in isolated heart mitochondria
------------------------------------------------------------

Mitochondrial ROS generation was measured spectrophotometrically (560-nm excitation and 590-nm emission) in 125 µg/ml of mitochondrial protein as previously described [@B29]. Mitochondria were isolated from mouse hearts with Tissue Mitochondria Isolation Kits (C3606, Beyotime Biotechnology, Jiangsu, China) in strict accordance with the manufacturer\'s instructions. The mitochondria was incubated in a solution containing: 20 mM Tris, 250 mM sucrose, 1 mM EGTA, 1 mM EDTA, and 0.15% bovine serum albumin adjusted to pH 7.4 at 25°C with continuous stirring. ROS was measured with the H~2~O~2~-sensitive dye amplex red reagent (10 µM) (Thermo Fisher, Waltham, MA) according to the manufacturer\'s instructions using a Bio-tek plate reader every 2 min for total 20 min. Aliquots of H~2~O~2~ were used for calibration and the rates were determined with linear regressions.

Detection of mitochondrial ROS (mitoROS) and total ROS in primary cardiomyocytes and mice hearts
------------------------------------------------------------------------------------------------

MitoROS and total ROS were detected using the fluorescent probe MitoSOX (\#M36008, Thermo Fisher, USA) and Fluorometric Intracellular ROS Kits (\#S0033, Beyotime Biotech, China) respectively. Images were obtained with a confocal laser-scanning microscope (Nikon A1R MP+ Confocal Microscope, Nikon, Japan).

Dihydroethidium (DHE) staining was used to determine the intracellular superoxide anion levels in mouse heart tissue. The images were analyzed with ImagePro Plus image analysis software. MnSOD activity and MDA levels were measured using Mn-SOD Assay Kits (S1013, Beyotime Biotechnology, Jiangsu, China) and Lipid Peroxidation MDA Assay Kits (S0131, Beyotime Biotechnology, Jiangsu, China) according to the protocols provided by the manufacturer. For DHE staining, at least 10 fields per heart were randomly chosen and analyzed.

Measurement of mitochondrial oxygen consumption rate (OCR)
----------------------------------------------------------

An XF24 Extracellular Flux Analyser (Agilent SeaHorse Bioscience, USA) recorded oxygen consumption rate (OCR) as previously described [@B30]. Primary cardiomyocytes were cultured with the medium as indicated in an Agilent Seahorse XF24 Cell Culture Microplate (V7-PS, 100777-004, Agilent). OCR was recorded after equilibration and after FCCP (0.5 μM) and antimycin (1.5 μM) treatments, these values were used to calculate basal and maximal OCR. All OCR measurements were normalized with well-by-well haemocytometer cell counts.

Western blotting and quantitativereal-time (RT)-PCR
---------------------------------------------------

Mouse heart tissue and primary cardiomyocytes were analyzed by western blotting as previously described [@B27]. For mitochondrial protein isolation, mitochondria were isolated from primary cardiomyocytes with Cell Mitochondria Isolation Kits (C3601, Beyotime Biotechnology, Jiangsu, China) in strict accordance with the manufacturer\'s instructions. Primary antibodies against the following proteins were used: β-actin (Proteintech, China, \#20536-1-AP), Mfn1 (Abcam, \#ab57602), Mfn2 (Abcam, \#ab56889), Opa1 (Abcam, \#ab42364), Fis1 (Genetex, USA, \#GTX111010), Drp1 (Cell signaling, USA, \#8570), PPARα (Novus, \#NBP1-04676), cytochrome C (Abcam, \#ab133504), caspase-3 (Cell signaling technology, \#9662), cleaved caspase-3 (Cell signaling technology, \#9664) and Nox4 (Abcam, \#ab133303).

RNA was extracted with RNAisoPlus (\#9189Q, Takara, Japan), cDNA was synthesized with aPrimeScript™ RT Reagent Kit with gDNA Eraser (\#RR047Q, Takara), and quantitative RT-PCR was performed with SYBR® Premix Ex Taq™ II (\#RR820L, Takara). All procedures were performed strictly following the manufacturers\' protocols. The primer sequences are as follows: Mfn2 forward CTTGAAGACACCCACAGGAACA, Mfn2 reverse GGCCAGCACTTCGCTGATAC; Actin forward GTCCCTCACCCTCCCAAAAG, and actin reverse GCTGCCTCAACACCTCAACCC.

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

ChIP was performed using a Simple ChIP Plus Enzymatic Chromatin IP Kit (\#9003, Cell signaling technology, Danvers, USA) following the protocol provided by the manufacturer. In brief, the cells were fixed with formaldehyde, and the chromatin was sheared. Then, the fragmented chromatin was incubated with a PPARα antibody (\#NBP1-04676, Novus, USA) and protein G magnetic beads. DNA released from the precipitates was analyzed by PCR. The primer sequences specific to the PPARα binding region within the Mfn2 promoter region were as follows: Mfn2 promoter forward: 5´-TGATCCGGAAAGGAAAACAG-3´ and reverse: 5´- CACCGAAAGGCCACAGTAAT-3´. IgG was employed as the negative control.

Luciferase reporter assay
-------------------------

To analyze the PPARα-dependent transcriptional regulation of Mfn2, full length (-2000/0, see [supporting information](#SM0){ref-type="supplementary-material"}) and fragments (-1200/0, -1000/0, -800/0, -600/0) from the 2kb promoter sequence 5\' upstream of the transcription start site of rat Mfn2 were cloned into the PGL3.0-Basic vector upstream of luciferase cassette. The PGL3.0-Basic plasmid was provided by HanBio technology (Shanghai, China). All constructs were verified by sequencing. A dual-luciferase reporter assay system was used to assess the luciferase activity. Briefly, HEK-293T cells were transfected with various promoter constructs and co-transfected with the Renilla luciferase reporter plasmid (pRL-TK). Meanwhile, the cells were co-infected with the PPARα or empty adenovirus for 24 h. Cells were then lysed and processed according to the manufacturer\'s instructions. The luciferase activity was measured using a GloMax96 plate reader (Biotek, USA). For each sample, the pGL3.0-firefly luciferase activity was normalized to Renilla luciferase activity of the pRL-TK control.

Statistical analysis
--------------------

All values were presented as the mean ± standard error (SEM). All data were subjected to one-way ANOVA or two-way repeated measures ANOVA followed by Bonferroni post hoc test correction where appropriate using GraphPad Prism 6.0 software (GraphPad Software, La Jolla, USA). A value of *P*\<0.05 was considered statistically significant.

Results
=======

Excessive mitochondrial fission and reduced Mfn2 expression were observed in diabetic hearts of db/db mice
----------------------------------------------------------------------------------------------------------

Compared with those of db/+ control mice, body weight, blood glucose and serum lipids including triglyceride (TG) and total cholesterol (TC) in db/db mice were significantly increased at the beginning of 8-week-old (Figure [S1](#SM0){ref-type="supplementary-material"}). Serial echocardiography was performed in db/+ and db/db mice at 8, 12 and 16 weeks of age. Compared with db/+ mice, db/db mice showed impaired cardiac function at 12 and 16 weeks of age, as evidenced by decreased LVEF and LVFS (Figure [1](#F1){ref-type="fig"}A, C and D). Moreover, diabetic hearts from db/db mice exhibited excessive mitochondrial fission at 12-week-old and 16-week-old compared with control hearts. As shown by Figure [1](#F1){ref-type="fig"}B, E and F, mean mitochondrial size was decreased and the number of mitochondria per μm^2^ was increased in diabetic hearts. To investigate the key proteins underlying the excessive mitochondrial fission in diabetic hearts, the levels of the main mitochondrial dynamics-related proteins (Drp1, Fis1, Mfn1, Mfn2, and Opa1) were determined. Compared with control hearts of db/+ mice, Mfn2 expression was significantly down-regulated in diabetic hearts of db/db mouse at the beginning of 12-week-old (Figure [1](#F1){ref-type="fig"}G and H), while other dynamic-related protein expression remained unchanged (Drp1, Fis1, Mfn1 and Opa1). Phospho-Ser-616-Drp1 was slightly increased in the hearts of 16-week-old db/db mice, while Phospho-Ser-637-Drp1 was slightly decreased in diabetic hearts of db/db mice at 16-week-old. The down-regulation of Mfn2 was even more obvious in the hearts of 16-week-old db/db mice. Reduced protein expression of Mfn2 in db/db mouse hearts was confirmed by immunohistochemical staining (Figure [1](#F1){ref-type="fig"}L). A consistent pattern of mRNA expression was observed by quantitative RT-PCR (Figure [1](#F1){ref-type="fig"}K), suggesting that the expression of Mfn2 in diabetic hearts is mainly down-regulated at the transcriptional level. Collectively, these data indicate that there is excessive mitochondrial fission in the development of DCM. Moreover, although there was altered phosphorylated modification of Drp1 at Ser616 or Ser637 in diabetic hearts, the change of Mfn2 expression was earlier and more evident.

Reconstitution of Mfn2 prevented mitochondrial fission and DCM in db/db mice
----------------------------------------------------------------------------

To determine whether the reconstitution of Mfn2 protects the heart against DCM, adenoviral vectors encoding Mfn2 were intramyocardially injected into 12-week-old db/db mice or wild type (WT) C57 mice. Mfn2 expression was determined at 1 week and 4 weeks after injection, and cardiac function was measured at 4 weeks after injection (Figure [2](#F2){ref-type="fig"} and S3). As shown in Figure [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}C, myocardial Mfn2 expression was increased by \~2.2 fold in db/db mice hearts at 1 week after Mfn2-expressing adenovirus (Ad-Mfn2) injection compared with Ad-EV injection. Four weeks after injection, Mfn2 expression was slightly lower but remained \~1.8 fold higher than that of Ad-EV (Figure [2](#F2){ref-type="fig"}B and C). Immunohistochemical staining further confirmed the increased expression of Mfn2 in almost all the area of left ventricular at 4 weeks after injection, suggesting intramyocardially adenovirus injection did achieve transmural expression of Mfn2 in mouse hearts (Figure [2](#F2){ref-type="fig"}E and S2). Ad-Mfn2 injection also significantly increased the expression of Mfn2 in the hearts of WT mice (Figure [S3](#SM0){ref-type="supplementary-material"}A). Overexpression of Mfn2 by adenovirus infection did not have significant effects on mitochondrial morphology and cardiac function in WT hearts (Figure [S3](#SM0){ref-type="supplementary-material"}B-G). Reconstitution of Mfn2 efficiently prevented mitochondrial fission as evidenced by the increased mean size of mitochondria and decreased number of mitochondria per μm^2^ in db/db mice hearts (Figure [2](#F2){ref-type="fig"}D, F and G). Moreover, reconstitution of Mfn2 significantly enhanced cardiac function in diabetic db/db mice as evidenced by increased LVEF and LVFS (Figure [2](#F2){ref-type="fig"}H-J). Heart rate was measured in conscious or anesthetic mice. As shown in Figure [2](#F2){ref-type="fig"}K, heart rate was significantly lower in db/db mice under conscious or anesthetic condition compared with db/+ mice, while reconstitution of Mfn2 partly recovered heart rate in db/db mice. Furthermore, Doppler echocardiography indicated that Mfn2 reconstitution also alleviated diastolic dysfunction in 16-week-old db/db mice, as evidenced by elevated E/A ratio after Mfn2-expressing adenovirus injection (Figure [2](#F2){ref-type="fig"}L and M). Taken together, these data indicate that reconstitution of Mfn2 prevents mitochondrial fission and improves cardiac function in diabetic db/db mice.

Cardiac hypertrophy and fibrosis are common features in DCM. Four weeks after adenovirus injection, cardiac hypertrophy and fibrosis were determined in 16-week-old db/db and control db/+ mice. As shown in Figure [3](#F3){ref-type="fig"}, db/db mice showed significant cardiac hypertrophy and fibrosis compared with control mice as evidenced by enlarged hearts, increased cardiomyocyte cross-sectional area, elevated ratios of heart weight to tibia length and increased interstitial fibrosis. These pathological changes were efficiently ameliorated in the hearts of db/db mice receiving Ad-Mfn2.

Reconstitution of Mfn2 inhibited apoptosis and oxidative stress in diabetic hearts
----------------------------------------------------------------------------------

Compared with the control hearts of db/+ mice, the expression of cleaved caspase-3 and apoptotic index were increased in the diabetic hearts of db/db mice. Reconstitution of Mfn2 significantly reduced apoptotic index and decreased the expression of cleaved caspase-3 in diabetic hearts (Figure [4](#F4){ref-type="fig"}A-C). Excessive oxidative stress is closely associated with the induction of apoptosis [@B9], [@B31]. Nox4-derived ROS is the major source of oxidative stress in diabetic hearts [@B32]. As expected, myocardial Nox4 expression and superoxide anion production (stained by DHE) and MDA levels were significantly increased in diabetic hearts compared with control hearts (Figure [4](#F4){ref-type="fig"}D-G), while MnSOD activity of diabetic hearts was decreased (Figure [4](#F4){ref-type="fig"}H). Furthermore, heart mitochondria were isolated and mitochondrial ROS production was measured with H~2~O~2~-sensitive dye amplex red reagent. As shown in Figure [4](#F4){ref-type="fig"}I and J, mitochondria-derived ROS production was significantly increased in db/db mice hearts. Up-regulated Mfn2 markedly inhibited myocardial oxidative stress in db/db mice, as evidenced by reduced Nox4 expression and mitochondria derived ROS production, decreased MDA levels and increased MnSOD activity (Figure [4](#F4){ref-type="fig"}D-J). Overexpression of Mfn2 by adenovirus infection did not have significant effects on myocardial apoptosis and oxidative stress in WT hearts (Figure [S3](#SM0){ref-type="supplementary-material"}H-K). Taken together, these data indicate that reconstitution of Mfn2 reduces cardiomyocyte apoptosis and suppresses mitochondrial oxidative stress in diabetic hearts.

Mfn2 overexpression prevented HG/HF-induced mitochondrial fission, whereas Mfn2 knockdown caused mitochondrial fission in cardiomyocytes
----------------------------------------------------------------------------------------------------------------------------------------

Mito-tracker red, phalloidin and DAPI have been used to stain the mitochondria, cytoskeleton and nuclear respectively in our preliminary experiment. As shown in Figure [S4](#SM0){ref-type="supplementary-material"}, there is a cluster of mitochondria in one cell. The nuclear is in the center of the mitochondria, and the cytoskeleton surrounds the mitochondria. The cell boundaries are visible and obvious even without nuclear or cytoplasmic marker. It is easy to identify one cell from the neighboring cells when only using Mito-tracker red. In general, a cluster of mitochondria represents one cell. Then we only use Mito-tracker red as the dye in the subsequent experiments. We investigated whether the gain-of-function or loss-of-function manipulation of mitochondrial dynamics proteins caused significant morphological changes in primary cardiomyocytes using MitoTracker Red probe. As shown in Figure [S5](#SM0){ref-type="supplementary-material"}, in primary cardiomyocytes cultured in low glucose medium (LG, 5.5 mmol/L) for 24 hours, mitochondrial morphology mainly presented as elongated tubules with highly interconnecting networks. There were no significant changes in mitochondrial morphology in cells cultured in high glucose medium (HG, 25mmol/L) or osmolarity control (OC) medium (5.5 mmol/L glucose and 19.5mmol/L mannitol) for 24 hours compared with those cultured in LG. There were also no significant changes in mitochondrial morphology in cardiomyocytes cultured in HG+OA medium (25 mmol/L glucose and 500 μmol/L oleate acid) compared with those cultured in HG (25 mmol/L glucose) medium. Nevertheless, after stimulation with HG+PA (25 mmol/L glucose and 500 μmol/L palmitate) or HG+PA+OA (25 mmol/L glucose and 500 μmol/L palmitate and 500 μmol/L oleate acid) for 24 hours, mitochondria became fragmented and the expression of Mfn2 was significantly reduced, while there were no significant differences in the expression of other mitochondrial fission-related proteins (total Drp1 and Fis1) and fusion-related proteins (Mfn1 and Opa1) (Figure [S5](#SM0){ref-type="supplementary-material"} E-G). These results indicate that palmitate but not oleate acid could induce mitochondrial fission and downregulate the expression of Mfn2. HG was then chosen as the control for all subsequent experiments as it had no significant effects on mitochondrial morphology, while HG+PA was served as HG/HF in this study. Moreover, compared with HG treatments, HG+PA or HG+PA+OA incubation resulted in slightly increased phospho-Ser616-Drp1 expression and decreased phospho-Ser637-Drp1 expression (Figure [S5](#SM0){ref-type="supplementary-material"}E and F). Notably, as shown in Figure [5](#F5){ref-type="fig"}, transfection with the adenovirus encoding Mfn2 (Ad-Mfn2) increased the expression of Mfn2 (Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B) and prevented mitochondrial fission (Figure [5](#F5){ref-type="fig"}D-G) in HG/HF-treated cells, whereas silencing Mfn2 expression with the adenovirus encoding Mfn2 shRNA (Ad-Mfn2 shRNA) induced excessive mitochondrial fission in control normal cardiomyocytes (Figure [5](#F5){ref-type="fig"}A, 5C and 5D-G).

Mfn2 overexpression inhibited HG/HF-induced mitochondria-dependent apoptosis, whereas Mfn2 knockdown induced mitochondria-dependent apoptosis
---------------------------------------------------------------------------------------------------------------------------------------------

Cardiomyocyte apoptosis was examined *in vitro* by flow cytometry and western blot analysis. As shown in Figure [6](#F6){ref-type="fig"}, up-regulated Mfn2 remarkably reduced cell apoptosis in HG/HF-treated cardiomyocytes, as evidenced by decreased percentages of apoptotic cells (Figure [6](#F6){ref-type="fig"}A) and decreased expression of cleaved caspase-3 (Figure [6](#F6){ref-type="fig"}B). Moreover, Mfn2 overexpression significantly increased the mitochondrial membrane potential (Figure [6](#F6){ref-type="fig"}D) and inhibited the release of cytochrome c from mitochondria (Figure [6](#F6){ref-type="fig"}C), indicating that up-regulation of Mfn2 inhibits mitochondria-dependent apoptosis in HG/HF-treated cardiomyocytes. In contrast, as shown in Figure [7](#F7){ref-type="fig"}, silencing Mfn2 expression with Ad-Mfn2 shRNA significantly induced mitochondria-dependent apoptosis in control normal cardiomyocytes as evidenced by increased percentages of apoptotic cells, up-regulated expression of cleaved caspase-3, elevated release of cytochrome c and decreased mitochondrial membrane potential. In addition, Mfn2 knockdown further exacerbated HG/HF-induced mitochondria-dependent apoptosis.

Mfn2 overexpression protected against HG/HF-induced mitochondrial dysfunction, whereas Mfn2 knockdown induced mitochondrial dysfunction
---------------------------------------------------------------------------------------------------------------------------------------

Further investigation of mitochondrial oxidative stress and mitochondrial function (respiratory capacity) was carried out in cardiomyocytes. As shown in Figure [8](#F8){ref-type="fig"}A-C, HG/HF culture leaded to increased cellular ROS (shown as green) as well as mitochondria-derived ROS (shown as red). The co-staining (shown as yellow) results suggested that mitochondria are the major source of cellular ROS. Overexpression of Mfn2 reduced both total cellular ROS and mitochondria-derived ROS in HG/HF-treated cardiomyocytes. HG/HF suppressed the mitochondrial respiratory capacity including basal respiration; ATP-linked respiration, maximal respiration, and spare respiration, all of which were significantly improved by Mfn2 overexpression (Figure [8](#F8){ref-type="fig"}D). In contrast, knockdown of Mfn2 increased mitochondria-derived ROS and impaired the mitochondrial respiratory capacity in control normal cardiomyocytes, suggesting enhanced mitochondrial oxidative stress and disturbed mitochondrial function in Mfn2-knockdown cells.

To further confirm whether mitochondrial fusion played a major role in mfn2-mediated protective effects, an activator of mitochondrial fission, FCCP (10 μM, Selleck Chemicals, USA) [@B33], or recombinant adenovirus expressing Drp1 (Ad-Drp1) was used to recall the fission in the cardiomyocyte transfected with Ad-Mfn2. As shown in Figure [S6](#SM0){ref-type="supplementary-material"}, in HG/HF-treated cardiomyocytes without Mfn2 overexpression, FCCP or Ad-Drp1 had no significant effects on the percentage of cells with mitochondrial fragmentation and the percentage of apoptotic cells. Nevertheless, application of FCCP or Ad-Drp1 in Mfn2-overexpressed cells blunted the protective effects of Mfn2 on cell apoptosis, mitochondrial membrane potential, and mitochondria-derived ROS. In contrast, M1 (5 μM, Sigma-Aldrich, USA), a small molecule that promotes the fusion of genetically induced fragmented mitochondria[@B34], was used to restore the mitochondrial fusion in the cardiomyocyte transfected with Ad-Mfn2 shRNA, The cardiomyocytes transfected with Ad-Mfn2 shRNA were incubated with M1 for another 24 hours. As shown in Figure [S7](#SM0){ref-type="supplementary-material"}, M1 treatment restored mitochondrial fusion and exerted the protective effects on cell apoptosis, mitochondrial membrane potential and mitochondria-derived ROS in Mfn2-knockdown cardiomyocytes. All these findings suggest that Mfn2 overexpression alleviates HG/HF-induced mitochondrial dysfunction by promoting mitochondrial fusion, whereas Mfn2 knockdown disrupts mitochondrial function by inducing mitochondrial fission.

The transcription of Mfn2 was directly regulated by PPARα
---------------------------------------------------------

The study above has shown that the expression of Mfn2 in diabetic hearts is mainly down-regulated at the transcriptional level, and then the transcriptional mechanism underlying the down-regulation of Mfn2 was finally investigated. Public microarray mRNA expression data derived from the heart failure patients with or without T2DM were downloaded from the Gene Expression Omnibus (GEO) database (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE26887>) to evaluate the correlations between the mRNA expression of Mfn2 and several potential transcription factors (PGC-1α, PPARα, PPARγ, PPARδ, Stat3, and FoxO1) in human hearts (Figure [9](#F9){ref-type="fig"}A and Figure [S8](#SM0){ref-type="supplementary-material"}). Pearson correlation analysis indicated that only PPARα had a significant positive correlation with Mfn2 (Figure [9](#F9){ref-type="fig"}A left, r=0.7304, *P*\<0.01). The correlation became even more significant when only heart tissues from heart failure patients with DM were analysed (Figure [9](#F9){ref-type="fig"}A right, r=0.9167, *P*\<0.01). Consistently, the protein levels of PPARα were down-regulated in the hearts of 12-week-old db/db mouse when compared with the hearts of age-matched db/+mouse. The down-regulation of PPARα became more obvious in the hearts of 16-week-old db/db mice (Figure [9](#F9){ref-type="fig"}B). Moreover, it was shown in Figure [9](#F9){ref-type="fig"}C and S9A that the expression of PPARα was also significantly reduced in the cardiomyocytes cultured in HG/HF medium compared with those cultured in Con. Overexpression of PPARα with Ad-PPARα significantly increased the expression and mRNA level of Mfn2 and inhibited the down-regulation of Mfn2 and mitochondrial fission induced by HG/HF (Figure [9](#F9){ref-type="fig"}C-H), whereas knockdown of PPARα with siRNA exhibited the opposite effect (Figure [S9](#SM0){ref-type="supplementary-material"}).

ChIP and PCR analysis revealed that PPARα bound to the promoter region of the Mfn2 gene in primary cardiomyocytes (Figure [10](#F10){ref-type="fig"}A). To determine whether PPARα directly regulates Mfn2 transcription, the rat full-length Mfn2 promoter (-2000-0) was cloned upstream from the luciferase reporter gene in the pGL3.0 Basic plasmid (PGL-FL-Mfn2 promoter reporter). As shown in Figure [10](#F10){ref-type="fig"}B, PGL-FL-Mfn2 promoter reporter was co-transfected with Ad-PPARα or Ad-EV into HEK-293T cells, the resultant relative luciferase activity indicated that PPARα induced a robust and positive response. To identify the exact PPARα-binding sites in Mfn2 promoter region, 5\' series promoter deletion fragments were cloned upstream from the luciferase reporter gene in the pGL3.0 Basic plasmid. HEK-293T cells co-transfected with Ad-PPARα and different Mfn2 promoter-reporter constructs were subjected to luciferase reporter assay at 24 hours post-transfection. As shown in Figure [10](#F10){ref-type="fig"}C, Ad-PPARα transfection exerted a similar induction effect on Mfn2-Luc-0 (FL-Mfn2 promoter), Mfn2-Luc-1 and Mfn2-Luc-2. However, Ad-PPARα transfection did not significantly promote luciferase activity on Mfn2-Luc-3 and Mfn2-Luc-4, indicating that the PPARα regulatory sites were within the Mfn2 promoter region between -1000 and -800. Then, the specific PPARα binding sites were predicted by sequencing analysis, a suspicious sequence "GACTGGGGACGGGGTAAG" located in the region from -882 to -865 was found. Furthermore, when sequence "GACTGGGGACGGGGTAAG" was deleted from Mfn2-Luc-2, the luciferase activity induced by Ad-PPARα transfection was reduced by 74% (Figure [10](#F10){ref-type="fig"}D and E). Together, the concordant results of the ChIP and luciferase reporter studies suggest that PPARα regulates the transcription of Mfn2 by directly binding to the sequence "GACTGGGGACGGGGTAAG" within the promoter.

Discussion
==========

Accumulating evidence has indicated that diabetes result in functional and structural changes of the myocardium. However, the underlying pathological mechanism of DCM (especially in type 2 DCM) is far from clear. Several important observations have been made in the present study. First, we validated that reduced Mfn2 expression and excessive mitochondrial fission were observed in diabetic hearts, which results in mitochondrial dysfunction in DCM. Second, reconstitution of Mfn2 promoted mitochondrial fusion, alleviated mitochondrial dysfunction and consequently inhibited the development of DCM. Last, the down-regulation of Mfn2 expression in diabetic cardiomyocytes was due, at least in part, to decreased expression of PPARα (Figure [11](#F11){ref-type="fig"}). Collectively, our study demonstrates for the first time that imbalanced mitochondrial dynamics is induced by Mfn2 down-regulation and contributes to the development of DCM. Therefore, targeting mitochondrial dynamics by regulating Mfn2 might be a potential therapeutic strategy for DCM.

Although mitochondria are often depicted as isolated organelles, they actually form highly dynamic networks. The dynamic cycling of mitochondrial fusion and fission is essential for maintaining various cellular function, including energy production, ROS generation and cell apoptosis [@B35]. Accumulating evidence has indicated that both mitochondrial oxidative damage and mitochondrial dysfunction are observed in diabetic hearts and contribute to the development of DCM [@B31], [@B36]. However, the mechanisms underlying mitochondrial pathology in DCM are still largely unclear. In this study, we provide compelling evidence showing that type 2 diabetes (hyperglycaemia and hyperlipidaemia) reduces Mfn2 expression and causes excessive mitochondrial fission both *in vitro* and *in vivo*. db/db mouse hearts showed reduced Mfn2 expression and impaired cardiac function at 12 weeks of age compared with db/+ mice. Our results are consistent with some existing studies which reported that db/db hearts exhibited a marked reduction in cardiac function at 12 weeks of age[@B37]-[@B40]. Nevertheless, several other studies have reported much later development of cardiac dysfunction at 15-16 weeks of age in db/db mice compared with control mice [@B23], [@B41]. This inconsistency may be due to differences in testing conditions, image acquisition and data analysis. In addition, heart rate was significantly lower in db/db mice under conscious or anesthetic condition compared with db/+ mice. The main reason for lower heart rate observed in db/db mice may be due to damaged sympathetic activity. Previous studies have indicated a significant reduction of cardiac norepinephrine concentration and an impairment of axoplasmic transport of norepinephrine in the hearts of db/db diabetic mice [@B42]-[@B44]. The reconstitution of Mfn2 prevents mitochondrial fission and inhibits mitochondrial injury and mitigates the progression of DCM in diabetic db/db mice. In contrast, knockdown of Mfn2 induces mitochondrial fission and mitochondrial dysfunction, which mimics an important molecular characteristic of diabetic cardiomyocytes. These results suggest that decreased Mfn2 in diabetic hearts disrupts the balance of fission and fusion dynamics and then accelerates the progression of DCM. Overall, our study develops a new concept that imbalanced mitochondrial dynamics induced by decreased Mfn2 contributes to the development of type 2 DCM, partly by enhancing mitochondrial oxidative stress and mitochondria-dependent apoptosis.

Mitochondrial morphologic abnormalities and dysfunction represent common observations in both type 1 and type 2 diabetes, while it seems that the fission/fusion proteins are differently affected. Our previous study has demonstrated that enhanced mitochondrial fission was mediated by increased expression of fission-related proteinDrp1 in STZ-induced type 1 diabetic hearts [@B24]. In this study, increased mitochondrial fission was caused by the down-regulation of fusion-related protein Mfn2 in type 2 diabetic hearts of db/db mice. The microenvironment enveloping cardiac myocytes in type 2 diabetes is distinct from that of type 1 diabetes, which may result in different changes of fission/fusion proteins in the heart. Consistent with the findings of our study, Bach et al. reported that Mfn2 was significantly down-regulated in human skeletal muscle at both the mRNA and protein levels in type 2 diabetes [@B45]. Another *in vivo* study also showed that Mfn2 was reduced in rat cardiac tissue in different stages of diabetes [@B46]. Nevertheless, cardiac tissues from type 2 DM patients showed reduced expression of Mfn1 [@B47]. The inconsistent results may be due to the fact that the biopsies were taken from the right atrium, not the left ventricular tissue where the DCM pathology is the most obvious [@B48].

Mfn2 was originally identified as a mitochondrial protein mediating mitochondrial outer membrane fusion. Interestingly, recent data have shown that Mfn2 appears to have a number of pleiotropic non-fusion roles, which plays an important role in cardiac disease. Mfn2 has been reported to tether the endoplasmic reticulum to the mitochondria for Ca^2+^ signalling from the endoplasmic reticulum to mitochondria [@B49], [@B50]. Moreover, Mfn2 plays a crucial role in the cardiac autophagic process by facilitating the fusion between autophagosome and lysosome, and Mfn2 deficiency impairs autophagosome-lysosome fusion and gradually leads to cardiac vulnerability and dysfunction [@B51], [@B52]. In our study, the protective effects of Mfn2 in HG/HF-treated cardiomyocytes are blunted by fission activator FCCP, while fusion activator M1 restored mitochondrial fusion and exerted the protective effects in Mfn2-knockdown cardiomyocytes, suggesting that imbalanced mitochondrial dynamics induced by down-regulated Mfn2 could be the main cause of cardiac dysfunction in diabetic hearts. Nevertheless, other non-fusion roles besides Mfn2 defect such as impaired autophagosome degradation and the disruption of endoplasmic reticulum-mitochondria signalling may also be involved in the pathogenesis of DCM, which can be reversed by the reconstitution of Mfn2. In our study, mitochondrial fission activator FCCP or Ad-Drp1 have no significant effects on the percentage of cells with mitochondrial fragmentation and the percentage of apoptotic cells in HG/HF-treated cardiomyocytes without Mfn2 overexpression. The reason for this may be that there exist shared mechanisms of action between HG/HF and FCCP or Ad-Drp1 treatments. As shown in our study, HG/HF-treated cardiomyocytes exhibit reduced mitochondrial membrane potential and increased expression of phospho-Ser616-Drp1 (the active form of Drp1), which are similar with the actions of FCCP or Ad-Drp1.

Increased incidence of cardiac arrhythmias was also identified in DCM animals in recent studies [@B53], [@B54]. Emerging evidence indicates that mitochondrial dysfunction can impair cardiac electrical functioning by disturbing the intracellular ion homeostasis and membrane excitability through decreased ATP production and excessive reactive oxygen species (ROS) generation, resulting in increased susceptibility to cardiac arrhythmias [@B55]. In our study, reconstitution of Mfn2 suppressed mitochondrial ROS generation and improved mitochondrial function in DCM. Moreover, previous study has shown that vagus nerve stimulation exerted cardioprotection against myocardial ischemia/reperfusion injury via attenuation of mitochondrial dysfunction, increased mitochondrial fusion, decreased mitochondrial fission [@B56]. Although there was no study investigating the role of Mfn2 in cardiac arrhythmias up to now, it is speculated that overexpression of Mfn2 may reduce the incidence of cardiac arrhythmias in DCM by inhibiting mitochondrial oxidative stress and ameliorating mitochondrial dysfunction.

Another important finding of the present study is that down-regulated Mfn2 in diabetic hearts is partly attributed to decreased expression of transcription factor PPARα, which is supported by the suppression of PPARα observed in various tissue from animal models and patients with type 2 diabetes [@B57], [@B58]. PPARα, a main member of the nuclear receptor super family PPARs, plays a critical role in the lipid metabolism by regulating their oxidation and storage [@B59]. Moreover, PPARα has been reported to suppress the myocardial inflammatory responses when activated by synthetic ligands [@B60], [@B61]. Reduced expression of PPARα is observed in pressure overload-induced cardiac hypertrophy [@B62], [@B63]. In the present study, we found that overexpression of PPARα increases the expression of Mfn2 and promotes mitochondrial fusion in HG/HF-treated cardiomyocytes, whereas knockdown of PPARα exhibits the opposite effect. Elezabya et al. have reported that both PPARα and Mfn2 are significantly down-regulated in mice with cardiomyocyte-specific lipid overload, accompanied by marked decreases in mitochondrial size [@B64]. In addition, previous study has showed that chronic exposure to fatty acid excess downregulates PPARα expression in the cardiomyocytes, the downregulation of PPARα may lead to further myocardial damage by suppressing cellular free fatty acid oxidation [@B65]. It seems that the downregulation of PPARα and Mfn2 is a result of dysregulated lipid metabolism in diabetic hearts.

This study has several limitations. First, as a result of ethical issues, the expression of Mfn2 cannot be determined in the left ventricular tissue of diabetic patients. Second, not all the conclusions were obtained from *in vivo* study. Third, the cause of down-regulated Mfn2 in DCM is still largely unknown, although we identified the suppression of PPARα was involved. The significant positive correlation between the expression of Mfn2 and PPARα was proved from public microarray mRNA expression data derived from the heart failure patients with or without diabetes. Since clinical metabolic/functional data was not included in this database, it is hard for us to correlate Mfn2 and PPARα expression in human heart tissue with clinical metabolic/functional data and to quantify expression of some of the proteins analysed in the main experimental study. Maybe further study is needed to clarify the correlation between PPARα/Mfn2 and clinical metabolic/functional data in diabetic patients. Despite these limitations, we believe that our study has provided important new insights for understanding the role of abnormal mitochondrial dynamics in type 2 DCM.

In summary, our study provides compelling evidence that imbalanced mitochondrial dynamics induced by down-regulated Mfn2 promoted mitochondrial dysfunction and diabetic cardiomyopathy, and the reconstitution of mitochondrial fusion through overexpression of Mfn2 restores mitochondrial homeostasis and alleviates the development of diabetic cardiomyopathy. The findings suggest that targeting mitochondrial dynamics by regulating Mfn2 might be a potential therapeutic strategy for diabetic cardiomyopathy.
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![**Excessive mitochondrial fission and reduced Mfn2 expression were observed in diabetic hearts of 12-week-old db/db mice.** (A) Representative echocardiography images. LVIDd and LVIDs were labeled. (B) Representative transmission electron microscopic images of the myocardium, mitochondria were labeled by asterisks. Scale bar = 1 μm. (C) LVEF, left ventricular ejection fraction (D) LVFS, left ventricular fractional shortening. (E) Mean size of mitochondria. (F) The number of mitochondria per um^2^. (G) Representative blot images of mitochondrial fission-related proteins (Drp1 and Fis1) and fusion-related proteins (Opa1, Mfn1 and Mfn2). (H) Quantitative analysis of Mfn2 protein expression. (I) Quantitative analysis of S-616-Drp1 protein expression. (J) Quantitative analysis of S-637-Drp1 protein expression. (K) Real-time PCR analysis of Mfn2 mRNA expression. (L) Representative immunohistochemical stains of Mfn2 in mouse hearts. Scale bars = 50 μm. \**P*\<0.05 vs. db/+; \*\**P*\<0.01 vs. db/+. n = 8 animals.](thnov09p3687g001){#F1}

![**Reconstitution of Mfn2 prevents mitochondrial fission and DCM in db/db mice** (A) Schematic representation of the experimental protocols. (B, C) Representative blot images and quantitative analysis of Mfn2 expression. (D) Representative transmission electron microscopic images of the myocardium, mitochondria were labeled by asterisks. Scale bars=1 μm. (E) Representative immunohistochemical stains of Mfn2 in mouse hearts. Scale bars = 50 μm. (F) Mean area of mitochondria. (G) The number of mitochondria per um^2^. (H) Representative M-mode echocardiography images. LVIDs and LVIDd were labeled. (I) LVEF, left ventricular ejection fraction (J) LVFS, left ventricular fractional shortening. (K) Heart rate of db/+ and db/db mice under conscious or anesthetic condition. (L) Representative Doppler echocardiography images. (M) E/A ratio. Ad-EV, control adenovirus; Ad-Mfn2, recombinant adenovirus encoding Mfn2. \*\**P*\<0.01 vs. db/+ + Ad-EV. \#\#*P*\<0.01 vs. db/db + Ad-EV. †*P*\<0.05 vs. db/+ + Ad-EV (conscious). ††*P*\<0.01 vs. db/+ + Ad-EV (conscious). ‡*P*\<0.05 vs. db/db + Ad-EV (conscious). \^*P*\<0.05 vs. db/+ + Ad-EV (anesthetic). &*P*\<0.05 vs. db/db + Ad-EV (anesthetic). n = 8 animals.](thnov09p3687g002){#F2}

![**Reconstitution of Mfn2 alleviated cardiac hypertrophy and fibrosis in diabetic db/db mice.** (A) The gross morphology of hearts stained by hematoxylin and eosin staining. Scale bar = 2mm. (B) The ratio of heart weight to tibia length. (C, D) Representative images of wheat germ agglutinin staining and quantitative analysis of the cross-sectional area of cardiomyocytes. Scale bar= 20 μm. (E, F) Representative images of Masson trichrome staining of hearts and quantitative analysis of interstitial fibrosis. Scale bars=25 μm. Ad-EV, control adenovirus; Ad-Mfn2, recombinant adenovirus encoding Mfn2; CSA, cross-sectional area. \*\**P*\<0.01 vs. db/+ + Ad-EV. \#*P*\<0.05 vs. db/db + Ad-EV. \#\#*P*\<0.01 vs. db/db + Ad-EV. n=8 animals.](thnov09p3687g003){#F3}

![**Reconstitution of Mfn2 inhibited cell apoptosis and oxidative stress in diabetic hearts.** (A) Representative photomicrographs of TUNEL-stained and DAPI-stained heart sections. Green fluorescence shows TUNEL-positive nuclei; Blue fluorescence shows nuclei of total cardiomyocytes (DAPI-positive). Scale bar = 50 μm. (B) Percentage of TUNEL-positive nuclei. (C) Representative blot images and quantitative analysis of cleaved-caspase 3 and total caspase 3. (D) Representative microphotographs of DHE staining in heart sections. Scale bar=50 μm. (E) Quantitative analysis of DHE fluorescence density (fold over db/+ +Ad-EV). (F) Representative blot images and quantitative analysis of Nox4 protein expression. (G) Myocardial malondialdehyde (MDA) content. (H) Mitochondrial manganese superoxide dismutase (MnSOD) activity. (I) Time-dependent increase of mitochondrial ROS related fluorescence density. (J) Isolated mitochondrial H~2~O~2~ production. Ad-EV, control adenovirus; Ad-Mfn2, recombinant adenovirus encoding Mfn2. \*\**P*\<0.01 vs. db/+ +Ad-EV. \#\#*P*\<0.01 vs. db/db+Ad-EV. n=6-8 animals.](thnov09p3687g004){#F4}

![**Mfn2 overexpression prevented HG/HF-induced mitochondrial fission, whereas Mfn2 knockdown caused mitochondrial fission in cardiomyocytes.** (A) Representative blot images of Mfn2. (B, C) Quantitative analysis of Mfn2 protein expression. (D) Representative confocal microscope images showing mitochondrial morphology stained by MitoTracker Red. Original magnification ×600. (E) The number of mitochondria per cell. (F) Mean volume of mitochondria (fold over Con+Ad-EV). (G) The percentage of cells with fragmented mitochondria. Ad-EV, control adenovirus; Ad-Mfn2, recombinant adenovirus encoding Mfn2; Ad-Mfn2-shRNA, recombinant adenovirus encoding short hairpin RNA against Mfn2; HG/HF, high-glucose and high-fat medium (25 mmol/L glucose and 500 μmol/L palmitate). \*\**P*\<0.01 vs. con + Ad-EV. \#*P*\<0.05, \#\#*P*\<0.01 vs. HG/HF + Ad-EV. n = 6 in each group.](thnov09p3687g005){#F5}

![**Mfn2 overexpression preserved mitochondrial membrane potential and inhibited mitochondria-dependent apoptosis in HG/HF-treated cardiomyocytes.** (A) Flow cytometry analysis of apoptosis by annexin V and PI staining (left) and quantification of apoptotic cells (right) in primary cardiomyocytes. (B) Representative blot images and quantitative analysis of cleaved-caspase 3 expression. (C) Representative blot images and quantitative analysis of cytosolic cytochrome c expression. (D) Flow cytometry analysis (left) and quantification (right) of mitochondrial membrane potential by JC-1 in primary cardiomyocytes. High levels of green fluorescence (x-axis) represent reduced ΔΨm, and high levels of red fluorescence (y-axis) show increased ΔΨm. A decrease in the red/green fluorescence is indicative of loss of ΔΨm. Ad-EV, control adenovirus; Ad-Mfn2, recombinant adenovirus encoding Mfn2; HG/HF, high-glucose and high-fat medium (25 mmol/L glucose and 500 μmol/L palmitate). \*\**P*\<0.01 vs. Con + Ad-EV. \#\#*P*\<0.01 vs. HG/HF + Ad-EV. n = 6 in each group.](thnov09p3687g006){#F6}

![**Mfn2 knockdown decreased mitochondrial membrane potential and induced mitochondria-dependent apoptosis in control normal cardiomyocyte**s. (A) Flow cytometry analysis of apoptosis by annexin V and PI staining (left) and quantification of apoptotic cells (right) in primary cardiomyocytes. (B) Representative blot images and quantitative analysis of cleaved-caspase 3 expression. (C) Representative blot images and quantitative analysis of cytosolic cytochrome c expression. (D) Flow cytometry analysis (left) and quantification (right) of mitochondrial membrane potential by JC-1 in primary cardiomyocytes. High levels of green fluorescence (x-axis) represent reduced ΔΨm, and high levels of red fluorescence (y-axis) show increased ΔΨm. A decrease in the red/green fluorescence is indicative of loss of ΔΨm. Ad-EV, control adenovirus; Ad-Mfn2-shRNA, recombinant adenovirus encoding short hairpin RNA against Mfn2; HG/HF, high-glucose and high-fat medium (25 mmol/L glucose and 500 μmol/L palmitate). \*\**P*\<0.01 vs. Con + Ad-EV. \#*P*\<0.05, \#\#*P*\<0.01 vs. HG/HF + Ad-EV. n = 6 in each group.](thnov09p3687g007){#F7}

![**Mfn2 overexpression protected against HG/HF-induced mitochondrial dysfunction, whereas Mfn2 knockdown induced mitochondrial dysfunction.** (A) Representative confocal microscope images of intracellular ROS and mitochondria derived superoxide production. Original magnification ×600. (B) Quantitative analysis of intracellular ROS density in primary cardiomyocytes (fold over Con + Ad-EV). (C) Quantitative analysis of mitochondria derived superoxide production in primary cardiomyocytes (fold over Con + Ad-EV). (D) Oxygen consumption rate (OCR) and quantitative statistical analysis of OCR. Ad-EV, control adenovirus; Ad-Mfn2, recombinant adenovirus encoding Mfn2; Ad-Mfn2-shRNA, recombinant adenovirus encoding short hairpin RNA against Mfn2; HG/HF, high-glucose and high-fat medium (25 mmol/L glucose and 500 μmol/L palmitate). \*\**P*\<0.01 vs. Con + Ad-EV, \#\#*P*\<0.01 vs. HG/HF + Ad-EV. n = 6 in each group.](thnov09p3687g008){#F8}

![**Overexpression of PPARα inhibited the down-regulation of Mfn2 and mitochondrial fission induced by HG/HF.** (A) Correlations between the mRNA expression levels of PPARα and Mfn2 were evaluated in human hearts based on a public microarray expression data set (GSE26887). Left: 19 hearts from patients with heart failure and 5 nonfailing control hearts. Right: Only 7 hearts from type 2 diabetes patients with heart failure were included. (B) Representative blot images and quantitative analysis of PPARα protein expression in db/+ and db/db mice hearts. (C-E) Representative blot images and quantitative analysis of PPARα and Mfn2 protein expression in primary cardiomyocytes with treatment as indicated. (F) Representative confocal microscope images showing mitochondrial morphology stained by MitoTracker Red. Original magnification ×600. (G) Real-time PCR analysis of Mfn2 mRNA expression in primary cardiomyocytes with treatment as indicated. (H) The percentage of cells with fragmented mitochondria. Ad-EV, control adenovirus; Ad-PPARα, recombinant adenovirus encoding PPARα; HG/HF, high-glucose and high-fat medium (25 mmol/L glucose and 500 μmol/L palmitate). &*P*\<0.05 vs. 12-week-old db/+; \^\^*P*\<0.01 vs. 16-week-old db/+; \*\**P*\<0.01 vs. Con + Ad-EV; \#\#*P*\<0.01 vs. HG/HF + Ad-EV. n = 6 in each group.](thnov09p3687g009){#F9}

![**PPARα directly binds to the promoter of Mfn2 gene.** (A) ChIP analysis for PPARα binding to the Mfn2 promoter in primary rat cardiomyocytes. (B) Responses of the Full-length Mfn2 promoter reporter to Ad-EV or Ad-PPARα. (C) Responses of the individual fragments of Mfn2 promoter to Ad-PPARα. (D) A schematic illustrates the deleted sequence of Mfn2 promoter region. (E) Responses of sequence deleted promoter of Mfn2 to Ad-PPARα. Ad-PPARα, recombinant adenovirus encoding PPARα; \#\#*P*\<0.01 vs. pGL-Basic + Ad-PPARα; \*\**P*\<0.01 vs. Mfn2-Luc-0; \^\^*P*\<0.01 vs. Mfn2-Luc-2. n = 6 in each group.](thnov09p3687g010){#F10}

![**Schematic figure illustrating that imbalanced mitochondrial dynamics induced by decreased Mfn2 promotes mitochondrial dysfunction and diabetic cardiomyopathy.** PPARα positively regulates Mfn2 expression by directly binding to its promoter. Type 2 diabetes (high-glucose and high-fat, HG/HF) reduces the expression of PPARα and then decreases the expression of Mfn2. Reduction of Mfn2 causes mitochondrial fission and subsequently leads to the mitochondria-derived ROS production, mitochondrial dysfunction and mitochondria-dependent apoptosis, which results in the development of diabetic cardiomyopathy. Reconstitution of Mfn2 reduces mitochondria-dependent apoptosis, suppresses mitochondria-derived ROS production, alleviates mitochondrial dysfunction and protects against diabetic cardiomyopathy. Mito, mitochondrial; ΔΨm, mitochondrial membrane potential.](thnov09p3687g011){#F11}
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